Rationale: T-box transcription factors play critical roles in the coordinated formation of the working chambers and the atrioventricular canal (AVC). Tbx2 patterns embryonic myocardial cells to form the AVC and suppresses their differentiation into chamber myocardium. Tbx20-deficient embryos, which fail to form chambers, ectopically express Tbx2 throughout the entire heart tube, providing a potential mechanism for the function of Tbx20 in chamber differentiation. Objective: To identify the mechanism of Tbx2 suppression by Tbx20 and to investigate the involvement of Tbx2 in Tbx20-mediated chamber formation. Methods and Results: We generated Tbx20 and Tbx2 single and double knockout embryos and observed that loss of Tbx2 did not rescue the Tbx20-deficient heart from failure to form chambers. However, Tbx20 is required to suppress Tbx2 in the developing chambers, a prerequisite to localize its strong differentiation-inhibiting activity to the AVC. We identified a bone morphogenetic protein (Bmp)/Smad-dependent Tbx2 enhancer conferring AVC-restricted expression and Tbx20-dependent chamber suppression of Tbx2 in vivo. Unexpectedly, we found in transfection and localization studies in vitro that both Tbx20 and mutant isoforms of Tbx20 unable to bind DNA attenuate Bmp/Smad-dependent activation of Tbx2 by binding Smad1 and Smad5 and sequestering them from Smad4. Conclusions: Our data suggest that Tbx20 directly interferes with Bmp/Smad signaling to suppress Tbx2 expression in the chambers, thereby confining Tbx2 expression to the prospective AVC region. (Circ Res. 2009;105:442-452.) 
T he complex multichambered heart of vertebrates arises from a simple, rapidly elongating tubular structure through a coordinated program of cellular differentiation and proliferation and tissue morphogenesis. Highly localized processes of further myocardial differentiation and increased proliferation within the growing heart tube mediate the formation of the atrial and ventricular chambers. Regions separating and bordering the developing chambers, the atrioventricular canal (AVC) and the outflow tract (OFT), retain low proliferation rates and slow impulse conduction and resist differentiation in chamber myocardium. 1 Functional analyses in the mouse revealed that members of the T-box family of transcription factors participate in myocardial patterning and cardiac compartmentalization 2,3 Both Tbx5 and Tbx20 are activated in the early cardiac field by bone morphogenetic protein (Bmp) signaling 4 and act as transcriptional activators that cooperate with other conserved cardiac transcription factors including Nkx2.5 and Gata-binding proteins to activate expression of chamber-specific genes such as ANF (Nppa) and connexin40 (Cx40). 3, [5] [6] [7] Mice homozygous mutant for Tbx20 establish a heart tube with a primary myocardial phenotype but fail to undergo looping morphogenesis and to initiate chamber formation. 5,8 -10 Tbx5 acts independently of Tbx20 and maintains posterior domains of the heart. 7 Tbx2 encodes a transcriptional repressor that suppresses differentiation and the chamber-specific gene program. 2 Individual loss of Tbx2 results in a locally restricted gain of a chamber myocardial program in the AVC, 11, 12 whereas forced expression of Tbx2 in the early heart tube leads to an early cardiac developmental arrest and a complete failure of chamber formation. 13 Tbx2 competes with activating T-box proteins such as Tbx5 and Tbx20 for binding to conserved T-box-binding elements (TBEs) in promoters of chamber specific genes. 6 Regionally restricted induction of Tbx2 by Bmp signaling in the AVC and OFT 4, 14 may therefore underlie the inhibition of the chamber myocardial gene program and maintenance of the primary myocardial phenotype in these areas.
Notably, expression of Tbx2 is precociously activated in the cardiac crescent and heart tube of Tbx20-deficient embryos and may thus be responsible for the observed block in cardiac chamber differentiation in these embryos. 8 -10 This suggests a primary role for Tbx20 in repressing Tbx2 for the progression to a multichambered heart. Here, we present genetic experiments in the mouse that further decipher the molecular pathways that underlie localized formation of the chambers and the AVC.
Methods
Animal care was in accordance with national and institutional guidelines.
Mice carrying a null allele of Tbx20 (Tbx20 tm1Akis ; aliases: Tbx20 Ϫ , Tbx20 lacZ ) 9 and Tbx2 (Tbx2 tm1.1(cre)Vmc ; aliases: Tbx2 Ϫ , Tbx2 Cre ) 11 were maintained on an outbred (NMRI) background.
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Results

A Minimal Regulatory Region for Restriction of Tbx2 Expression to the AVC
Precocious expression of Tbx2 in the cardiac crescent of Tbx20-deficient embryos suggested a primary role for Tbx20 in restricting Tbx2 expression and AVC formation. 8 -10 To gain insight into the molecular mechanism operated by Tbx20 to confine Tbx2 expression to the developing AVC, we functionally examined the Tbx2 regulatory region ( Figure 1 ). We first tested a 6-kbp genomic fragment previously shown to mediate AVC expression 15 and found that enhanced yellow fluorescent protein (Eyfp) reporter gene expression driven by this fragment in transgenic animals (Tbx2[Ϫ5.6/ ϩ0.316]Eyfp) recapitulated endogenous cardiac expression of Tbx2 in the AVC and OFT ( Figure 1A and 1B). This fragment also conferred ectopic expression in Tbx20-deficient hearts ( Figure 1C ). Deletion analysis showed that a 0.9-kbp fragment, located 2.3 kbp upstream of the transcriptional start site, in combination with a minimal promoter piece of 0.6 kbp (Tbx2[Ϫ3.2/Ϫ2.3,Ϫ0.314/ϩ0.316]Eyfp) recapitulated cardiac expression of Tbx2 in wild-type and upregulation in Tbx20-deficient embryos faithfully ( Figure 1A through 1C ). The previously identified TBE recognized by Tbx20 10 is absent from this construct and, therefore, is neither required for AVC and OFT-specific expression nor Tbx20-mediated repression. Recent reports have pinpointed the relevance of conserved Foxn and additional TBE sites in the zebrafish tbx2b promoter for activation of the gene in the AVC. 16 Figure 1A and 1B) . The 380-bp Tbx2 genomic fragment (Ϫ2.7/Ϫ2.3) contains a large number of putative Smad-binding sites (SBEs), 17 supporting a role of Bmp/Smad signaling in the regulation of cardiac Tbx2 expression ( Figure 1D ). Taken together, this analysis indicates that a small SBE-containing enhancer in Tbx2 is sufficient to drive AVC expression in vivo.
Regulation of Cardiac Tbx2 Expression by Bmp/Smad Signaling and Tbx20
In in vitro reporter assays, we observed a strong activation of the Tbx2 upstream regulatory region (Tbx2[Ϫ5.6/ ϩ0.316]Luc) on coexpression of Smad5 and constitutively active Bmp receptor Alk3 (Alk3CA) 18 and a reduction to basal activity in the presence of increasing concentrations of Tbx20 (Figure 2A Removal of previously identified TBEs 10 did not affect the repression activity of Tbx20 on the promoter (Figure 2A ; Online Figure II , A). This may suggest the presence of cryptic DNA-binding sites for Tbx20. Alternatively, repression by Tbx20 may not be mediated by DNA binding but by protein interaction. To test the latter, we constructed point mutants of Tbx20 that do not exert specific DNA binding anymore (Online Figure III) . Unexpectedly, these mutant Tbx20 pro- Figure 2B ) and in the absence of transfected, ie, in the presence of endogenous Smad5 only ( Figure  2C ). All deletion constructs of this Tbx2 genomic fragment that were activated by Bmp/Smad signaling to variable degree were repressed by the DNA binding-deficient Tbx20 protein, whereas this Tbx20mut protein had no effect on the constructs that were not activated by Bmp/Smad signaling.
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Thus, Smad activation is required to observe the DNAbinding independent Tbx20 effect (Online Figure II) . Repression achieved by the DNA binding-deficient mutant of Tbx20 was lower than with the wild-type protein suggesting the coexistence of DNA binding-dependent and -independent mechanisms of repression for Tbx20 protein in the regulation of Tbx2 in this assay ( Figure 2B and 2C). Together, the in vivo and in vitro analyses of the Tbx2 promoter argue that temporal and spatial confinement of cardiac Tbx2 Figure 2 . In vitro reporter assays to detect transcriptional activation of a luciferase reporter from Tbx2 genomic fragments. A, Plasmids encoding constitutively active Bmp receptor Alk3, full-length Smad5 protein, full-length Tbx20 protein, and the luciferase reporter construct were cotransfected in NIH3T3 cells, and luciferase activity was determined and normalized as fold over the reporter alone. expression is supported by Tbx20-dependent repression of Bmp/Smad-mediated transcriptional activation.
Tbx20 Inhibits Transcriptional Activation of Bmp/Smad-Dependent Promoters in a DNA Binding-Independent Manner
We wondered whether the repressive effect of Tbx20 on Bmp/Smad-dependent transcriptional activation might be of a more general nature. We tested minimal fragments of Msx2 and Id1 promoters known to be activated by Smad binding in transactivation experiments in NIH3T3 cells ( Figure 3A through 3C). 19, 20 Both Tbx20 wild-type and Tbx20 DNAbinding mutant proteins repressed Bmp/Smad-mediated activation of the Msx2 and Id1 promoter in a dose-dependent manner. As in the case of the Tbx2 promoter, repression by the DNA-binding deficient mutant form of Tbx20 did not reach the level of the wild-type protein, suggesting that the wild-type protein in addition regulates transcription directly. Interestingly, the DNA-binding deficient mutant of Tbx20 exerted very weak repression of Bmp/Smad-mediated activation of the Id1 promoter in the absence of exogenous Smad5 ( Figure 3B and 3C ), suggesting a role as direct DNAdependent transcriptional repressor of Tbx20 in this context. Wild-type Tbx20 protein acted as a DNA-dependent transcriptional activator of the Nppa promoter 6 that did not respond to Bmp/Smad signaling. The Tbx20 mutant protein did not show a transactivation in this context ( Figure 3D ). Introduction of a potent transcriptional activator into eukaryotic cells can suppress the transcription of a cointroduced target gene most likely by titration of 1 or more general transcription factors that might be in limiting supply. Because very high doses of Tbx20 protein activated the Nppa promoter to the same degree as lower doses ( Figure 3E ), we deem it unlikely that the repressive effect of Tbx20 on the Bmp/Smad-dependent promoters that use the same pGLbased reporter plasmids can be explained by such a general squelching mechanism. Together, these experiments suggest that Tbx20 can regulate transcription of target genes in multiple ways: as an inhibitor of Bmp/Smad-mediated transactivation (Tbx2), as a transcriptional activator of Bmp/Smadindependent promoters (Nppa), and most likely also as a direct transcriptional repressor.
Tbx20 Binds to Regulatory Smad Proteins
DNA binding-independent inhibition of Bmp/Smadmediated transactivation by Tbx20 may rely on physical interaction and/or functional interference with the transcriptional activators Smad5 or Smad1. In vitro pull-down assays with glutathione S-transferase (GST)-Tbx20 fusion proteins showed that Tbx20 directly binds to regulatory Smad5 and the closely related Smad1 proteins but not to co-Smad4 and the inhibitory Smads, Smad6, and Smad7 ( Figure 4A ). Binding was mediated by the T-box of Tbx20 as shown by GST pull-down assays with fusion constructs of GST and various Tbx20 protein fragments ( Figure 4A ). Tbx20 binding to Smad1 and Smad5 also occurred in a cellular context as shown by cotransfection/coprecipitation experiments in HeLa cells ( Figure 4B and 4C) . Tbx20 bound to the phosphorylated form of Smad5 ( Figure 4D ). Because of the lack of a specific antibody against unphosphorylated Smad1/5/8 we cannot exclude that Tbx20 binds to this form of the protein as well. However, cotransfection experiments of Smad5/Smad1 and Tbx20 expression constructs and detection by immunofluorescence confirmed that Tbx20 predominantly localized to the nucleus and did not mediate cytoplasmic-nuclear shuttling of the unphosphorylated form of Smad5 and Smad1 ( Figure 4E and 4F) . Together, these data suggest that Tbx20 binds to phospho-Smad1/5 in the nuclear compartment. Smad5 also bound to Tbx2 and Tbx5 in a cellular system, suggesting a more general nature of interaction of regulatory Smad proteins with T-box transcription factors (Online Figure IV) . However, Tbx-Smad interaction may not necessarily influence Smad-dependent transcriptional activation because we did not detect an effect of Tbx5 expression on Bmp/Smaddependent activation of the Tbx2 promoter in reporter assays in vitro (data not shown).
Inhibition of Smad1/5-Smad4 Complex Formation by Tbx20
Because Smad4 is a necessary cofactor for nuclear translocation and transcriptional activation by Smad1/Smad5, we investigated whether Tbx20 binding to Smad1/Smad5 competes with Smad1/5-Smad4 complex formation. These experiments revealed a decrease of coimmunoprecipitated Smad4.HA protein in the presence of increasing amounts of Tbx20 ( Figure 5A ). In an alternative assay, we transfected expression constructs for Myc-tagged Smad1 and hemagglutinin (HA)-tagged Smad4 into HeLa cells and precipitated Smad1/Smad4 complexes by anti-Myc antibodies. Addition of in vitro translated Tbx20 protein to resuspended immunocomplexes resulted in complete release of Smad4 from the complex ( Figure 5B ). In a reverse experiment, we observed that addition of in vitro translated Smad4 protein to resuspended immunocomplexes resulted in release of Smad5 from the complex ( Figure 5C ). Finally, we eased the suppressive effect of DNA binding-deficient Tbx20 protein on Bmp/ Smad-mediated activation of the Tbx2 regulatory fragment by increasing the concentration of Smad4 in the cellular system ( Figure 5D ). Thus, Tbx20 effectively competes with Smad4 for binding to Smad1/Smad5 explaining the DNAindependent inhibition of Bmp/Smad-mediated activation of target promoters including Tbx2.
Tbx20 Is Required for Chamber Formation Independently From Tbx2
Previous analysis has shown that ectopic expression of Tbx2 in the early heart tube leads to arrest of cardiogenesis and chamber differentiation. 13 To test the hypothesis that ectopic Tbx2 expression is responsible for this observed arrest in Tbx20-deficient hearts, 8 -10 we generated embryos with combined deficiencies of Tbx2 and Tbx20 by interbreeding double heterozygous animals. Similar to Tbx20 single mutants, Tbx20 lacZ/lacZ ;Tbx2 Cre/Cre embryos were severely growth retarded and died at embryonic day (E)10.5 because of hemodynamic failure (data not shown). At E9.5, Tbx20 mutant embryos featured a straight and short tubular heart ( Figure 6A through 6D). In Tbx20/Tbx2 double mutants, the heart tube appeared morphologically more varied from being straight and short like in the Tbx20 single mutants to being more extended and inflated with some rightwards looping. On histologically stained sagittal sections, both myocardium and endocardium appeared homogenously thin throughout the Tbx20 lacZ/lacZ ;Tbx2 Cre/Cre heart tube. This is in contrast to Tbx20 lacZ/lacZ hearts, where a thick layer of cardiac jelly filled the space between myocardium and endocardium. Cardiac jelly production was not associated with endocardial EMT and cushion formation in the Tbx20 lacZ/lacZ linear heart tube as revealed by histological inspection (Figure 6E through 6H) as well as expression analysis of the cushion marker Sox9 (Figure 6I through 6L ). This suggests that ectopic Tbx2 mediates the induction of cardiac jelly formation in Tbx20deficient hearts. Molecular analysis using markers with differential expression along the linear heart tube (Tbx5, Myh7) confirmed that anteriorposterior patterning occurred normally in Tbx20 lacZ/lacZ ;Tbx2 Cre/Cre hearts ( Figure 6M through 6T) . Chamber myocardium, however, was not formed, as shown by absence of expression of Nppa (Anf) and Cited1 (Figure 6U through 6BЈ ). Bmp2 is expressed in the primary myocardium of the AVC in the wild type. 14 In the tubular hearts of single and double mutant embryos, Bmp2 expression is restricted to the posterior part of the primitive ventricle suggesting that a molecular AVC domain has been established in these embryos ( Figure 6CЈ through 6FЈ). In summary, loss of Tbx2 does not rescue the Tbx20-deficient heart from developmental arrest at the linear heart tube stage, defining a role of Tbx20 as regulator of cardiac chamber formation independent from its repression of Tbx2.
Discussion
Our genetic and biochemical analyses suggest that Tbx20 function may couple and localize cardiac compartmentalization into chambers and AVC by suppressing the Bmp/Smadsignaling pathway and Tbx2 activation in the entire heart tube (Figure 7) . The future AVC, however, expresses Bmp2 at levels sufficient to overcome the suppressive function of Tbx20 to activate Tbx2.
Tbx20 Restricts Tbx2 to the Prospective AVC by Attenuating Bmp/Smad Signaling
Expression analyses, embryological manipulation in the chick and genetic ablation experiments in the mouse have revealed a range of Bmp-dependent processes during amniote heart development. 21 Bmp signaling is broadly activated in the precardiac mesoderm and the cardiac crescent and is required for myocardial differentiation of progenitor cells in the first heart field and for proliferation and recruitment of second heart field cells to the forming OFT. 20, 22 Ablation of Bmpr1a in early mesoderm resulted in a complete failure to establish cardiomyocytes expressing conserved core cardiogenic factors including Tbx5, Tbx20, Nkx2.5, and Gata family members, implicating them as downstream mediators of early Bmp signaling. After cardiac specification, Bmp signaling is redeployed for specification of the AVC. Conditional deletion of Bmp2 showed that Bmp signaling is required to establish an AV myocardium and to induce endocardial EMT. 14 Furthermore, Bmp2 regulates expression of the transcriptional repressor Tbx2 in the AVC. 4, 14 Our analysis of the regulatory region of the Tbx2 gene identified a genomic fragment that is sufficient to direct AVC expression in vivo. This fragment is rich in SBEs and responsive to Bmp/Smad signaling in vitro, strongly arguing that Tbx2 is a direct target gene of this pathway in the heart.
Expression of Tbx2 in the early heart tube prevents chamber formation, 13 illuminating the necessity to prevent premature activation of Tbx2 by the first wave of Bmp/Smad signaling in the cardiac crescent, the heart tube and the prospective chambers (Figure 7) . In Tbx20 mutant hearts, Tbx2 is induced in the developing cardiac crescent and throughout the linear heart tube, 8 -10 demonstrating that temporal and spatial restriction of Tbx2 to the developing AVC is not achieved by positive regulatory inputs, but by Tbx20mediated inhibition of broad activation in regions outside the AVC. Absence of TBE sites from a minimal genomic Tbx2 regulatory region, sufficient to recapitulate cardiac Tbx2 expression in wild-type and Tbx20 mutant embryos, strongly argues against Tbx20 acting as a transcriptional repressor in this context, as indicated previously by chromatin immuno- precipitation experiments. 10 It is formally possible that Tbx20 acts indirectly as a DNA-dependent transcriptional repressor of an inducer of Tbx2, including Bmp2. However, confinement and low-level expression of Bmp2 in the posterior region of the primitive heart tube in Tbx20-deficient embryos does not support this model. Alternatively, Tbx20 may transcriptionally activate a repressor of Tbx2 expression outside the AVC, compatible with its known biochemical function as a transactivator as shown for the Nppa promoter. However, again, no evidence for the existence of such a repressor has been obtained from our in vivo analysis of the Tbx2 promoter.
We unexpectedly found that Tbx20 binds to the phosphorylated forms of Smad1 and -5 in the nucleus and sequesters them from binding to the co-Smad4, abolishing the formation of transcriptionally active P-Smad1/5-Smad4 complexes. Hence, transcriptional modulation of target gene expression by T-box transcription factors may not only rely on the presence of TBE sites. Direct binding and sequestration of transcriptional regulators by the conserved T-domain suggests another level of complexity of transcriptional regulation and establishes the T-box as a versatile interface both for DNA and protein interaction. Indeed, previous evidence has suggested that the T-box represents a common interface for Figure 6 . Loss of Tbx2 does not rescue cardiac arrest of Tbx20deficient mice. Comparative analysis of wild-type, Tbx20 Ϫ/Ϫ , Tbx20 Ϫ/Ϫ Tbx2 Ϫ/Ϫ , and Tbx2 Ϫ/Ϫ embryos for cardiac morphology, histology, and molecular marker expression at E9.5. A through D, Left lateral views of whole E9.5 embryos reveal growth retardation and linear heart tube phenotype in Tbx20/ Tbx2 double mutants similar to Tbx20-deficient embryos. Boxes mark the heart regions to be magnified in the following images. E through H, Histological analysis of sagittal sections by hematoxylin/eosin. I through FЈ, In situ hybridization analysis of marker gene expression in whole embryos with probes as indicated. Asterisks (in E, H, I, and L) mark mesenchymal cushion tissue. avc indicates atrioventricular canal; ec, endocardium; la, left atrium; lv, left ventricle; mc, myocardium; oft, outflow tract; pe, proepicardium; pv, primitive ventricle; rv, right ventricle; stm, septum transversum mesenchyme.
Figure 7.
Model for Tbx20 function in cardiogenesis to promote chamber development and restrict AVC formation. E7.5 to E8.5, BMP signaling simultaneously induces cardiac transcription factors including Tbx20 and via transcriptional activators Smad1/ Smad5 also Tbx2 expression in the cardiac crescent and early heart tube. Tbx20 promotes primitive heart tube formation and suppresses Smad1/Smad5 activity therein to delay and restrict activation of Tbx2 expression to the region with highest levels of Bmp signaling, the developing AVC. E8.5 to E9.5, cardiac transcription factors including Tbx20 mediate chamber myocardial development. Tbx2 prevents chamber formation and may promote formation of primary myocardium and endocardial cushion development in the AVC and the OFT where high levels of BMP2 and BMP4 signaling persist. Chamber myocardium is shown in gray; BMP-expressing primary myocardium of the AVC (BMP2) and OFT (BMP4) is highlighted in purple. at indicates common atrium; avc, atrioventricular canal; ev, embryonic ventricle; ift, inflow tract; lv, left ventricle; mc, myocardium; oft, outflow tract; rv, right ventricle.
binding to numerous classes of DNA-binding domains. 2, 3 Notably, binding of T-box proteins to Smad proteins as shown in this study is not without precedence. In Xenopus, Brachyury, the prototypical member of the T-box family, interacts with Smad1 to activate expression of the transcriptional repressor Xom. In this case, Smad binding is conferred by an N-terminal region of XBra and not the T-box. 23 In addition, phosphorylated Smad1 interacts with Tpit in the corticotroph AtT-20 cell line to prevent the transcriptional activation of the POMC gene by a Tpit/Pitx1 complex, suggesting a third mode of target gene regulation by T-box/ Smad interaction. 24 Finally, and similar to the findings of this study, Tbx1 binding to Smad1 was found to interfere with Smad1-Smad4 complex formation and Smad signaling. 25 Thus, Tbx-Smad interaction seems to be widespread but may have different context-dependent functional implications on gene regulation.
Tbx20-mediated sequestration of regulatory Smads may be one of several mechanisms that synergize to shut off Bmp/ Smad signaling after cardiac specification of the lateral plate mesoderm. In Nkx2.5 mutant hearts, Bmp/Smad signaling is dramatically augmented and expanded, suggesting that Nkx2.5 represses Bmp/Smad signaling. 26 Smad6, which is expressed in the cardiac crescent, stably binds to activated type I receptors and competes with co-Smad4 for receptor activation. 27 Moreover, similar and likely in addition to Tbx20, Smad6 specifically competes with Smad4 for binding to receptor-activated Smad1, yielding an inactive Smad1/ Smad6 complex. 28 Because Tbx20, Nkx2.5, and Smad6 are targets of Bmp signaling in the cardiac crescent, they may be part of a concerted feed-back inhibition loop.
Tbx20 and Tbx2 Regulate Chamber Versus AVC Development
Previous analyses by a number of research groups revealed the crucial role of Tbx20 in cardiac chamber formation in vertebrates. 5,8 -10 Tbx2 expression, normally restricted to the AVC, 4,6 was expanded into the entire heart tube of Tbx20deficient embryos arguing that chambers have been lost at the expense of an AVC. Because ectopic expression of Tbx2 in the prechamber heart tube also inhibited chamber formation, similar to the phenotype in Tbx20 mutants, 13 it was hypothesized that derepression of Tbx2 fully explains the cardiac phenotype in Tbx20-deficient embryos. Our analysis of Tbx20/Tbx2 double mutant embryos revealed that loss of Tbx2 does not rescue the failure to form chambers. We assume that Tbx20 similar to Tbx5 promotes chamber formation as a DNA-dependent transcriptional activator of chamber-specific genes such as Nppa. Ectopic expression of the strong transcriptional repressor Tbx2 in a wild-type embryo is likely to block this process by its ability to compete with Tbx20 (and Tbx5) binding to conserved T-binding sites in promoters of these genes and prevent their activation. Hence, ectopic expression of Tbx2 in the Tbx20 mutant heart does not further enhance the loss of Tbx20 phenotype. On the other hand, Tbx2 may require Tbx20 to suppress chamber differentiation, providing an alternative explanation for the failure to rescue the Tbx20 mutant phenotype in Tbx2/Tbx20 double mutants.
